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1. IntroductIon
Ferromagnetic shape memory alloys (FMSAs) are 
relatively new class of active materials exhibiting large strains 
(up to 10 per cent) under an external magnetic field1-5. The 
phenomenon of ferromagnetic shape memory (FMSM) is 
explained on the basis that twin variants of the martensitic 
phase are reoriented by the application of magnetic field6-10. Due 
to redistribution of the martensite twin variants a large strain 
is attained without any change in the external temperature. 
This strain can be made reversible by either the application of 
compressive stress or magnetic field in a direction perpendicular 
to the original applied magnetic field. The essential material 
characteristics for the occurrence of the FMSM phenomenon 
is the ferromagnetic martensite phase having low detwinning 
stress and strong magnetocrystalline anisotropy11,12. Several 
alloy systems viz. Fe-Pt, Fe-Pd, Ni-Mn-Ga, Ni-Mn-Al, Ni-
Fe-Ga, Co-Ni-Al, Co-Ni-Ga etc.13,14 exhibit this phenomenon, 
however Ni-Mn-Ga system has gained considerable importance 
in recent years due to its large values of magnetic field induced 
strains (MFIS) at room temperature. Among the different 
classes of active materials like magnetostrictive, piezoelectric 
and conventional shape memory, each class has its advantages 
and drawbacks and therefore its own area of application. 
While the magnetostrictive and piezoelectric materials have 
a faster response frequency, its recoverable strains are small. 
On the other hand, the shape memory materials exhibit large 
recoverable strains but its response frequency is slow due to the 
relatively slow heating and cooling process. The magnetically 
driven FMSAs, in particular the Ni-Mn-Ga alloys provide an 
optimum combination of large recoverable strains at faster 
response frequency making them highly interesting for many 
technological applications such as actuators and sensors15. 
The prominent areas envisaged for the application of FMSAs 
includes stroke delivery applications (actuators), energy 
applications, active damping control, bio-medical, etc.
The strains induced by magnetic field in FMSAs are 
two orders of magnitude greater than that in magnetostrictive 
materials and are equivalent to that observed in SMAs. Also, 
magnetostriction is observed in structurally homogeneous 
samples, whereas the FMSM effect requires a special 
microstructure. This microstructure is provided by a 
martensitic transformation. Similar to that in shape memory 
alloys, the different variants of the martensite are twin related 
to each other with well-defined twin boundary between 
them in FMSAs. However, the fundamental difference 
between a martensite phase of conventional shape memory 
and ferromagnetic shape memory alloys is its ferromagnetic 
nature. This additional (magnetic) degree of freedom in 
FMSAs allows the twin boundaries between two martensite 
variants to move on application of an external magnetic 
field. The driving force for the movement of twin boundaries 
is the orientation of the spontaneous magnetic moment or 
the magnetocrystalline anisotropy. Magnetic materials such 
as ferromagnets, antiferromagnets and ferrimagnets are 
characterised by spontaneous magnetisation. In the absence 
of an external magnetic field their magnetisation has a certain 
preferable direction with respect to the crystal lattice, the so-
called easy direction. In a twinned microstructure the lattice 
orientations of the twin variants are different and therefore the 
magnetisation directions also differ.When an external magnetic 
field is applied, the magnetic moments try to align with the 
field. If the energy needed to rotate the magnetisation away 
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from the easy direction (i.e. the magnetic anisotropy energy) 
is high enough, it may be energetically favourable to move the 
twin boundaries instead. Also, the detwinning stresses of the 
martensite phase should be low so that it can be overcome by 
the magnetic stresses generated at the twin boundaries. under 
favourable conditions, the fraction of twins with the easy axis 
in the direction of the field will grow at the expense of the 
other twin variants by the application of magnetic field. This 
process results in large shape changes and the phenomenon is 
called ferromagnetic shape memory effect. The magnetic field 
induced strains are reversible on application of magnetic field 
or stress in direction perpendicular to the originally applied 
magnetic field direction. 
The reversible strain output depends on the applied 
magnetic field and compressive pre-stress level applied to the 
sample. With increase in compressive pre-stress the magnetic 
field induced strain decreases because of the blocking force. It 
can also be seen in the figure, that strain path during increase 
and decrease in magnetic fields show hysteresis. This indicates 
excellent damping capabilities of the Ni-Mn-Ga alloys. 
From the materials point of view, the basic requirements for 
appearance of the FMSM effect can be summarised as 
(i) ferromagnetic martensite phase 
(ii) strong magnetic anisotropy energy to avoid magnetisation 
flips, and 
(iii) low twinning stresses of the martensite phase. 
In Ni-Mn-Ga alloys the martensite transformation 
temperature is strongly dependent on the composition. In 
the stoichiometric Heusler Ni2MnGa alloy, the martensitic 
transformation occurs at 200 K leading to a modulated 
tetragonal martensite with lattice parameters a = b = 0.5920 
nm and c = 0.5566 nm17. However, systematic studies on 
this alloy system have shown that the off-stoichiometric 
composition can have transformation temperatures well 
above the room temperature. An empirical dependence of the 
martensite transformation temperature (TM) on the average 
electron concentration per atom (e/a ratio) was established18, 
according to which TM increases with increase in e/a ratio of 
the alloy. The high temperature austenite phase in the Ni-Mn-
Ga alloys is cubic with an l21 order belonging to space group 
Fm-3m (No 225). Depending mainly on the alloy composition 
this high temperature phase transforms to either nonmodulated 
tetragonal structure or to modulated martensite structure19,20. 
The nonmodulated tetragonal structure (space group I4/mmm, 
No 139) is the most stable one among the different Ni-Mn-
Ga martensite phases21. The alloys transforming straight from 
the parent to this non-modulated tetragonal structure phase 
have typical transformation temperatures close or above the 
Curie point22. The modulated martensite structure transforms 
directly from the parent phase at lower temperatures close to 
the ambient and usually below the Curie point23. In general, 
based on the period of modulation i.e. five planes or seven 
planes, these structures are called as 5 M and 7 M martensite 
respectively. From the X-ray diffraction technique, the basic 
unit cell of the 5 M or 7 M martensite has been reported to 
be monoclinic and the modulation can be commensurate or 
incommensurate depending on the alloy composition. 
The magnetic properties such as Curie temperature, 
saturation magnetisation, magnetocrystalline anisotropy 
are essential requirements for the ferromagnetic shape 
memory alloys. In Ni-Mn-Ga alloys the TC is less sensitive 
to composition (e/a ratio) as compared to martensite 
transformation temperature1. Therefore, TC cannot be increased 
much by composition variation which limits the service 
temperature of the Ni-Mn-Ga ferromagnetic shape memory 
alloys. The reported value of TC for stoichiometric (Ni2MnGa) 
composition is 376 K24. The magnetic moment of Ni-Mn-Ga 
alloys originates mainly from Mn atoms having the largest 
magnetic moment, while the Ni atoms possess small magnetic 
moments. However, by increasing the Mn concentration both 
the saturation magnetisation and TC decreases. This decrease 
in ferromagnetic properties is due to the antiferromagnetic 
coupling of the excess Mn atoms with the neighbouring Mn 
atoms25. 
Another very important magnetic property responsible 
for the FMSM effect is the magnetocrystalline anisotropy. 
Measurements of magnetisation in austenite phase of single 
crystal have shown that the easy magnetisation axis in the 
cubic phase is oriented along the crystallographic [100] axis 
and that the magnetocrystalline anisotropy constant K1 in this 
phase is relatively moderate26. However, in martensite state 
the magnetocrystalline anisotropy varies significantly with the 
crystal structure. Studies of the magnetocrystalline anisotropy 
of singlecrystals Ni2+x+yMn1−xGa1−y of different compositions 
in single-variant state have shown that the values of uniaxial 
anisotropy constant (Ku) at room temperature vary from 1.7 
× 106 ergcm−3 for Ni48Mn31Ga21
[27] to 2.48×106 ergcm−3 for 
Ni49.7Mn28.7Mn21.6 [
71]. In martensite phase usually the shorter 
axis of the unit cell is the easy axis of the magnetisation. In 
modulated martensite phase c/a is less than 1, therefore c axis 
is the easy axis of the magnetisation while in non-modulated 
martensite phase it is a axis28.
The Ni-Mn-Ga alloys belong to the most important class 
of FMSM materials and these alloys have been extensively 
studied in single crystalline and polycrystalline forms for their 
structural transformation, crystal structures, atomic ordering, 
magnetic properties, and magnetic field induced strains and 
related other aspects. unfortunately, till date the large magnetic 
field induced strains have been reported in single crystals which 
are difficult to prepare and expensive. In polycrystalline state 
Ni-Mn-Ga alloys exhibit poor mechanical properties and are 
extremely brittle. Considering the technological importance 
of the oriented polycrystalline alloys, it is proposed to carry 
out directional solidification of Mn rich Ni-Mn-Ga alloys 
with nominal composition: Ni50Mn25+xGa25-x (where x = 2, 3, 
4, 5 at%) and to evaluate its FMSM related properties in this 
study.
2.  ExpERiMENTAl woRk
The alloy designation, nominal compositions along with 
crystal growth conditions are given in Table 1. The above 
alloys were prepared using high purity elements viz. 99.9 % 
Mn, 99.99 % Ni, and 99.9999 % Ga in a vacuum induction 
melting furnace under Argon atmosphere. Roughly 3 wt% 
excess Mn was added in every charge in order to compensate 
for the Mn losses during melting.
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The resulting molten alloys were chill cast into ceramic 
alumina tubes (inner diameter 10 mm) mounted on a water 
cooled Cu chill plate. Typical chill cast precursor rod for 
directional solidification and its optical micrograph of the 
longitudinal section are shown in Fig. 1(a)-(b). Fine columnar 
grain structure is clearly observed at the bottom of the chill cast 
rods. These oriented grains act as seed during the directional 
solidification. The directional solidification of these rods was 
carried out using a modified Bridgman method, in which ceramic 
alumina crucible containing the molten alloy is pulled through 
a temperature gradient. A two-zone directional solidification 
furnace with a fixed temperature gradient of 10 K mm-1 was 
used for directional solidification. For the characterisation of 
the directionally solidified rods, 5 mm portion from the top 
and bottom of the rods were discarded and samples were taken 
from the remaining portion of the rods for studies.
3.  RESulTS ANd diSCuSSioN
3.1  Microstructural Features 
The microstructures of transverse section of the 
directionally solidified Mn-rich Ni50Mn25+xGa25-x (at%, where 
x = 2, 3, 4, 5) Heusler type alloys, prepared under identical 
growth conditions are shown in Fig. 2. under the employed 
growth conditions, the microstructures of transverse section 
indicate a cellular kind of solidification morphology. The 
grain in millimeter range consists of subgrain cells of about 
250 µm. The transverse grain boundaries are omitted during 
Figure 2.  optical micrograph of the transverse section of directionally solidified Ni50Mn25+xGa25-x alloys with (a) x = 2, (b) x = 3, (c) 
x = 4, and (d) x = 5.
Alloy designation 
(ni50Mn25+xGa25-x)
nominal 
composition (at%)
temperature
gradient (K mm-1)
Holding temperature 
(K)
withdrawal
rates (cm h-1)
x = 2 Ni50Mn27Ga23 10 1623 10
x = 3 Ni50Mn28Ga22 10 1623 10
x = 4 Ni50Mn29Ga21 10 1623 10
x = 5 Ni50Mn30Ga20 10 1623 10
Table 1.  designations, nominal compositions, and growth conditions of directionally solidified alloys
Figure 1. (a) A typical bottom chill cast precursor rod for 
directional solidification, and (b) optical micrograph of 
longitudinal section of the bottom chill cast rods.
(b)(a)
(b)
(d)
(a)
(c)
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directional solidification because the elongated grains grow 
freely into the melt and do not impinge on other grains. Since 
the crystal growth conditions are identical, the variant chemical 
composition of the alloys does not affect the cell or grain size. 
However, it greatly influences the microstructural features 
inside the cell. Fig. 3 shows the typical micrograph of the 
subgrain structure at higher magnification for the alloy having 
lowest (Fig. 3(a)) and highest Mn content (Fig. 3(b)) in the 
present study. Three distinct regions can be clearly identified 
in each micrograph and are marked as region A, B, and C. The 
regions A and B consist of martensite twin variants having 
straight and curved twin boundaries respectively, whereas no 
martensite twin variants are observed in region C. The volume 
fraction of region C decreases and of region A /B increases as 
the Mn content increases. This feature of the microstructure 
suggests that the cell center (region C) consists of austenite 
phase whereas the martensite phase preferentially nucleates at 
the cell boundaries. 
The optical micrographs of longitudinal section of the 
directionally solidified rods are shown in Fig. 4. It clearly 
indicates a cellular kind of solidification morphology in which 
the martensite phase prefers to nucleate at cell boundaries as a 
result of chemical segregation. Irrespective of alloy composition 
the cells are aligned in the growth direction. However, as the Mn 
concentration in the alloy increases, a continuous distribution 
of martensite plates is seen at the cell boundaries. Also, the 
martensite plate thickness decreases with the increase in the 
Mn content. Interestingly, the martensite plates cannot be seen 
inside the cell matrix which is in accordance with the transverse 
microstructure. The solid-liquid interface during directional 
solidification can be planar, cellular or dendritic. The cellular 
structure which forms just above the threshold conditions of 
Figure 3. optical micrograph of the transverse section of directionally solidified Ni50Mn25+xGa25-x alloys with (a) x = 2 and (b) x = 5 
at higher magnification.
Figure 4. optical micrograph of the longitudinal section of directionally solidified Ni50Mn25+xGa25-x alloys with (a) x = 2, (b) x = 3, (c) 
x = 4 and (d) x = 5.
(b)(a)
(b)
(d)
(a)
(c)
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planar interface stability has two important characteristics. 
First, the length of the cell is very small, and it is of the same 
order of magnitude as the cell spacing. Second, the tip region 
of the cell is broader and the cell has a larger tip radius. Thus 
a significant solute buildup occurs ahead of the interface with 
some solute diffusing in the lateral directions29. In the present 
study, the growth conditions employed are well beyond the 
threshold conditions of planar interface stability. In this case, 
the cell tip becomes sharper and assumes a nearly parabolic 
shape which is somewhat similar to the dendritic tip shape. 
Also, length of the cell increases, and this kind of solidification 
morphology is termed as cellular-dendritic30-32. As the cell tip 
becomes sharper, more solute transport occurs laterally so that 
the intercellular region becomes richer in solute giving rise 
to microsegregation patterns in the solidified materials. The 
microsegregation pattern of solutes has been studied by EPMA. 
Table 2 lists the composition of the directionally solidified rods 
at the cell center (region C) and at the cell boundaries (region 
A/B) in transverse section of the rods. 
From Table 2 it is evident that there is significant transport 
of solute in the lateral direction. The microsegregation effect is 
generally characterised by the segregation ratio (SR) which is 
defined as the ratio of the maximum solid composition (at the 
cell base) to the minimum solid composition (at the cell tip)33. 
In a transverse section, SR is the ratio of solute concentration 
at the cell boundary and at the cell center. The variation of 
SR for each element as a function of nominal Mn content is 
shown in Fig. 5. It can be seen that with the increase in the Mn 
content, the cell center gets enriched in Ga content whereas 
cell boundaries are enriched in Mn content. Since the nominal 
composition of Ni is not changed in the alloys its SR do not 
change with the variation in nominal composition of Mn. 
However, SR value of Ni indicates that the cell center is slightly 
enriched in Ni content. 
3.2 Martensite transformation and Magnetic 
Properties
The influence of directional solidification on the 
martensitic transformation temperatures has been studied by 
differential scanning calorimetry (DSC). Figure 6(a) shows 
the DSC thermograms of the Ni50Mn25+xGa25-x (x = 2, 3, 4, 5) 
alloys in induction melted and chill-cast condition. The first 
order peaks corresponding to forward and reverse martensite 
transformations during cooling and heating are clearly observed 
in the DSC thermograms. The corresponding martensite start 
(TMs) and finish (TMf) during cooling and austenite start (TAs) 
and finish (TAf) during heating, were determined by the tangent 
intersection method from the onset of the DSC peaks. The 
martensitic transformation temperature (TM) was calculated 
using the relation TM= (Ms+Af)/2. The obtained values are 
summarised in Table 3. The Table shows that TM increases with 
increase in the Mn substitution for Ga. In Ni-Mn-Ga alloys, 
it has been reported that the TM value strongly depends on the 
valence electron concentration (e/a), which in turn depends on 
composition. In general, TM increases with increase in the e/a 
ratio of the alloys. Considering the outermost electrons of the 
constituent elements [Ni- 10 (3d84s2), Mn - 7 (3d54s2) and Ga 
-3 (4s24p1)], the average electron concentration (e/a) can be 
expressed as follows 
% % %
% % %
10 ( ) 7 ( ) 3 ( )
/a
( )
at at at
at at at
x Ni x Mn x Ga
e
Ni Mn Ga
+ +=
+ +
   (1)
The e/a ratios calculated for different alloys using nominal 
composition and equation 1 listed in Table 3 demonstrate that 
the TM value increases with increase in e/a ratio. It is well 
known that the martensitic transformation occurs when the 
Fermi surface touches the Brillouin zone boundary17. This 
situation implies that the change in the number of valence 
electrons and the modification of the Brillouin zone boundary 
can be considered to affect TM in these Heusler alloys. In the 
present series of Ni50Mn25+xGa25-x (x = 2, 3, 4, 5) alloys, increase 
of Mn substitution for Ga results in the increase of e/a ratio and 
thus causes the excess electrons above the Fermi level to move 
Figure  5. Segregation ratio of  directionally sol idif ied 
ni50Mn25+xGa25-x alloys as a function of Mn content. 
Table 2.  Compositional analysis of directionally solidified Ni50Mn25+xGa25-x (x = 2, 3, 4, 5) alloys
Alloy
(x)
Cell center (atom% ± std. dev.)  Cell boundaries (atom% ± std. dev.)
ni Mn Ga ni Mn Ga
2 50.87 ± 0.31 26.79 ± 0.75 22.34 ± 0.52 49.61 ± 0.44 29.25 ± 0.85 21.14 ± 0.43
3 50.41 ± 0.22 28.27 ± 0.56 21.32 ± 0.55 49.03 ± 0.60 31.08 ± 0.54 19.89 ± 0.46
4 50.60 ± 0.52 28.64 ± 0.78 20.76 ± 0.48 48.87 ± 0.34 32.16 ± 0.25 18.97 ± 0.20
5 50.99 ± 0.27 29.12± 0.48 19.89 ± 0.38 49.56 ± 0.28 32.60 ± 0.54 17.84 ± 0.32
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to the corner states of the Brillouin zone. In this high energy 
state, the system undergoes a structural distortion of the lattice 
to minimise the total Gibbs free energy resulting in a more 
stable martensite structure. Thus the stability of martensite 
phase increases with increase in the e/a ratio.
Figure 6(b) shows the DSC thermograms of the 
Ni50Mn25+xGa25-x (x = 2, 3, 4, 5) alloys after directional 
solidification. The DSC peaks appears to be broadened by 
directional solidification process and this broadening of the DSC 
peaks can be mainly attributed to the lateral microsegregation 
pattern of solutes. 
From the EPMA it is known that cell boundaries get 
preferentially enriched in Mn while the cell center becomes 
Ga enriched. The e/a ratio of cell boundaries is higher than 
that at the cell center. This leads to a difference in martensitic 
transformation temperature at the cell center and boundaries, with 
latter transforming at higher temperature. This is in accordance 
with the observed optical microstructure (Fig. 3(a)-(b) 
taken at room temperature where in the regions A/B close to 
cell boundaries shows martensite phase while region C appears 
to be austenite phase. Also, with increase in average Mn 
content of the alloys, SR for Mn increases, so the martensite 
transformation width (Ms-Mf) increases as seen in Fig. 6(b).
In addition to the first order peaks in DSC thermograms, 
a second order kink (marked by arrow) can also be seen in Fig. 
6 (a)-(b). This kink corresponds to the Curie temperature of 
the alloys. It may be noted in Fig. 6 that second order kink in 
Ni50Mn30Ga20 (at%) alloy is not observed. This is 
attributed to the overlapping of the martensitic and 
Curie transition temperatures at this composition34. 
The Curie temperature of the directionally 
solidified alloys was also determined by measuring 
magnetisation as a function of temperature 
(thermomagnetic measurement) at a constant 
magnetic field of 500 Oe. The temperature was 
controlled with in an accuracy of ± 1 K using a 
variable temperature cryostat attached with VSM. 
The magnetisation data were collected during 
heating cycle at an interval of 3 K min-1 over a large temperature 
range. The thermomagnetic graphs for the directionally 
solidified alloys are shown in Fig. 7(a). The Curie temperature 
for an alloy was approximated by taking the high temperature 
inflection point in the thermomagnetic curve. From the 
Fig. 7(a) it is evident that the Curie temperature decreases with 
the increase in Mn content of the alloys, which is in accordance 
with the reported trend in Mn-rich Ni-Mn-Ga alloys35. The 
highest Curie temperature is reported in the stoichiometric 
Ni2MnGa. The observed decrease in Curie temperature is 
accounted for by antiferromagnetic coupling of the extra Mn 
atoms at Ga site with the Mn atoms at Mn site35. The room 
temperature hysteresis loops (M vs H) of directionally solidified 
alloys are shown in Fig 7(b). The room temperature saturation 
magnetisation values for Ni50Mn25+xGa25-x alloys with x = 2, 3, 
4, and 5 are 68.4 emu g-1, 64.0 emu g-1, 63.0 emu g-1, and 55.0 
emu g-1, respectively. It is evident that with increase in the Mn 
content (x) of alloys the saturation magnetisation decreases, in 
accordance with the antiferromagnetic coupling of excess Mn. 
Also, from Fig. 7(a) it can be inferred that at Curie temperature 
there is sharp decrease in the magnetisation values indicating 
that chemical segregation during directional solidification has 
negligible effect on the magnetic transition.
This is for the reason that the Curie temperature is less 
sensitive to the alloy composition as compared to martensitic 
transformation. The observed rise in magnetisation values 
in thermomagnetic curves at low temperature is due to the 
table 3.  Martensitic transformation temperature of ni50Mn25+xGa25-x (x= 2, 
3, 4, 5) alloys after induction melting and chill-casting.
Alloy
(x)
Martensite
 start  (tMs)
Martensite 
finish  (TMf)
Austenite 
start  (t
As
)
Austenite 
finish  (T
Af
)
tM = 
(tMs + tAf)/2
e/a
2 291 270 285 300 295.5 7.58
3 313 283 289 319 316 7.62
4 324 313 319 330 327 7.66
5 374 338 344 380 377 7.70
Figure 6. dSC thermograms of Ni50Mn25+xGa25-x (x= 2, 3, 4, 5) alloys (a) after induction melting and chill-casting and (b) after 
directional solidification.
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reverse martensite to austenite transformation during heating. 
The reverse martensite to austenite temperatures approaches 
Curie temperature with increase in the Mn content of the alloys 
and at x = 5, the structural transformation merges with the 
Curie temperature. For the x = 2 alloy, the reverse martensitic 
transformation is just below the room temperature, accordingly 
the major phase should correspond to the austenite phase at 
room temperature. The room temperature coercivity values for 
Ni50Mn25+xGa25-x alloys with x = 2, 3, 4, and 5 are 10 Oe, 101 
Oe, 101 Oe, and 101 Oe respectively. An order less value of 
coercivity for the x = 2 alloy signifies that the relatively soft 
austenite phase is major phase in this alloy.
3.3  crystal Structure at room temperature
The crystal structure of the phases present at room 
temperature was studied using x-ray diffraction (XRD) 
technique. The directionally solidified alloys were characterised 
in the bulk and powder form to study texture and crystal 
structure. The XRD patterns of the Ni50Mn25+xGa25-x alloys, with 
x = 2, 3, 4, and 5, are shown in Fig. 8. The major phase in the 
x = 2 alloy is austenite (represented by A in Fig. 8) having l21 
cubic crystal structure of 3Fm m space group17. However, there 
are two additional peaks in powder XRD pattern of this alloy 
(marked by * in Fig. 8) that cannot be indexed in the austenite 
phase. On comparing the XRD patterns of alloys (with x = 2, 3, 
4, and 5) in powder form in Fig. 8(b), the additional peaks can 
be assigned to the non-modulated martensite phase (represented 
by M in Fig. 8) with a space group of I4/mmm. 
The volume fraction of austenite phase decreases while 
that of martensite phase increases with increase in Mn content 
(x value) of the alloys. This is evident from the relative decrease 
in intensity of the A(220) and A(422) peaks corresponding to 
the austenite phase. These results are in accordance with the 
DSC results confirming that martensite phase get stabilised 
by excess Mn content. On comparing the powder and bulk 
diffraction patterns of the x = 2 alloy, it is concluded that the 
A(220) and A(422) peaks are suppressed while the A(004) peak 
is enhanced after directional solidification. This difference in 
the relative intensity of the bulk and powder diffraction patterns 
reveals the preferred grain growth direction during directional 
solidification is parallel to <100> crystallographic direction of 
the cubic austenite phase. In other alloys (x = 3, 4, 5), the relative 
intensity of M(220) and M(004) peaks gradually increases with 
Figure 7.  (a) Thermomagnetic curves and (b) hysteresis loop of directionally solidified Ni50Mn25+xGa25-x (x= 2, 3, 4, 5) alloys.
Figure 8. x-ray diffraction pattern of directionally solidified 
ni50Mn25+xGa25-x (x=2,3,4,5) alloys in (a) bulk and (b) 
powder forms. (A: austenite phase, M: Martensite 
phase).
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Mn content as evident from the complete suppression of 
low angle M(112) and M(200) peaks in the x = 5 alloy. 
These changes in relative intensities in bulk sample are 
closely related to the preferred selection of martensite 
variants in as grown condition. For the x = 5 alloy, 
the bulk XRD patterns exhibits some additional peaks 
between M(004) and M(220) that cannot be indexed by 
the non-modulated martensite structure. The origin of 
these peaks can be attributed either to the intermartensite 
phase or to the untransformed austenite phase as 
indicated by the powder XRD pattern of this alloy. 
Nonetheless, major phase in both the powder and bulk 
samples corresponds to the non-modulated martensite 
phase. The lattice parameters, martensite tetragonality 
and unit cell volumes of the constituent phases in the 
directionally solidified alloys were calculated from the powder 
XRD patterns and are summarised in Table 4. Shrinkage of the 
unit-cell volume for the austenite and martensite phase has been 
observed on incorporating excess Mn atoms for Ga. A decrease 
in the volume is expected as smaller size Mn atoms (covalent 
radius = 0.117 nm) is substituted for bigger Ga atoms (covalent 
radius = 0.1260 nm), provided the surplus Mn substitutes the Ga 
sites. The tetragonality of martensite phase is found to increase 
with the Mn content of the alloy. It is known that the high 
strength of austenite phase and the high tetragonality of BCT 
martensite phase seem to be favorable for reducing the twin 
thickness in martensite36,37. This leads to decrease in martensite 
twin thickness as observed for alloy with x = 5 in Fig. 4.
3.3  Evaluation of Magneto-mechanical properties 
Room temperature compression test has been performed to 
study the deformation behaviour of the directionally solidified 
alloys in the as-grown state. The cylindrical axis of the samples 
was kept parallel to the growth direction. Fig. 9 shows the 
compressive stress-strain curves for the Ni50Mn25+xGa25-x 
(x = 2, 3, 4, 5 at%) alloys. Different characteristic of 
compressive stress-strain curves were obtained for each alloy. 
For example, Ni50Mn25+xGa25-x alloy with x = 2, only one stage 
is observed while in other alloys (x = 3, 4, 5) more than one 
deformation stages have been observed. Also, by measuring 
the initial and final dimensions of the sample it was found that 
the compressive deformation in the x = 2 alloy, was completely 
table 4.  the lattice parameters, tetragonality of martensite phase and 
unit cell volume of crystalline phases in Ni50Mn25+xGa25-x (x = 2, 
3, 4, 5) alloys
Alloy
room 
temperature 
phase structure
lattice parameters tetragonality
(c/a ratio)
unit cell 
volume
(Å3)a (Å) c (Å)
x = 2 Austenite 5.87 5.87 1 202.26
x = 3
Austenite (l21) 5.87 5.87 1 202.26
Martensite (T) 3.94 6.50 1.64 100.90
x = 4
Austenite (l21) 5.83 5.83 1 198.15
Martensite (T) 3.91 6.50 1.66 99.37
x = 5 Martensite (T) 3.90 6.56 1.68 99.77
Figure 9.  Room temperature compressive stress-strain curves for Ni50Mn25+xGa25-x alloys (a) x = 2, (b) x = 3, (c) x = 4, and (d) x = 5. 
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reversible. The major room temperature phase in the x = 
2 alloy is the austenite phase and the origin of single stage 
deformation can be related to the stress-induced martensite 
transformation38. The stress required to trigger stress-induced 
transformation was around 42 MPa, determined from the onset 
of stress plateau after the initial elastic deformation region. 
It is known that the martensite twin variants with their long 
axis (c-axis) perpendicular to the compressive directions are 
preferably generated during the stress-assisted martensitic 
transformations39. 
As Mn content (x value) increases in the Ni50Mn25+xGa25-x 
alloys, the martensite phase get stabilised at room temperature 
and in alloy with x = 5, three distinct deformation stages, 
marked as region A, B, and C are clearly seen in Fig. 9(d). 
Regions A and B correspond mainly to the detwinning of 
martensite phase while region C is the elastic deformation 
of the detwinned martensite phase. It can be noticed that the 
region A has flat stress plateau while in region B the stress 
values increases at high strain. This can be attributed to the 
presence of untransformed austenite phase, observed in the 
powder XRD pattern. The detwinning stresses for martensite 
phase are about 5 MP in region A while in region B it varies 
from 10 MPa to 15 MPa. The low value of detwinning stresses 
in region A can be attributed to the presence of martensite twin 
variants with c-axis parallel to growth direction, resulting in 
twin planes approximately parallel to the maximum resolved 
shear stress plane. The compressive stress-strain curves of the 
remaining Ni50Mn25+xGa25-x alloys with x = 3 and 4, indicate that 
the deformation initially proceeds by detwinning of martensite 
phase while at latter stage it proceeds by stress-induced 
martensite transformation. Interestingly, the total compressive 
strain remains constant, approximately 5 per cent for all the 
alloys. 
After compression test the samples were further subjected 
to magnetisation measurement. The magnetisation curves 
measured in direction parallel and perpendicular to growth 
direction after compression are as shown in Fig. 10. The value 
of magnetic anisotropy constant, |Ku| was estimated by the area 
enclosed by the two curves in Fig. 10. It can be seen that with 
increase in Mn content of alloys, the area enclosed by the two 
curves increases and for alloys with x = 4 and 5, calculated value 
of |Ku| is about 52.26 kJm
-3 and 95 kJm-3. These values are less 
than that reported for non-modulated martensite phase (300 
kJ m-3) in Ni-Mn-Ga system40 which can be attributed to the 
Figure 10. Room temperature magnetisation curves measured in direction parallel and perpendicular to the growth direction after 
compression of the directionally solidified Ni50Mn25+xGa25-x, a) x = 2, (b) x = 3, (c) x = 4, and (d) x = 5 alloys.
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presence of untransformed austenite phase in the directionally 
solidified samples.
FMSM materials show reversible MFIS with external 
forces such as compressive stresses applied in transverse 
direction to the external magnetic fields. The MFIS 
measurement of FMSM alloys needs custom made magneto-
mechanical test frame as no such ready built equipment is 
available. A preliminary system with a electromagnet was 
rigged up with mechanical test frame and the room temperature 
test were carried out on directionally solidified Ni50Mn25+xGa25-x 
(x = 2, 3, 4, 5) alloys. In directionally solidified condition 
only Ni50Mn30Ga20 alloy showed significant value of MFIS. 
The results obtained with this system for this alloy is shown 
in Fig. 11. Room temperature MFIS of 0.2 per cent under 
external magnetic field of 0.6 T and 0.05 kN external load was 
obtained for the directionally solidified Ni50Mn30Ga20 alloy. On 
increasing the bias load to 0.1 kN the MFIS values dropped 
to 0.12 per cent. It may be noted that the obtained values 
are well below the values for single crystals however unlike 
polycrystalline state the low value of detwinning stress (5 
MPa) and significant magnetocrystalline anisotropy (95 kJm-3) 
enables Mn-rich directionally solidified rods to exhibit FMSM 
behaviour. 
4.  CoNCluSioNS
The directionally solidified rods of alloy series 
Ni50Mn25-xGa25+x (2£x≤5) were prepared and the as-grown 
microstructure, texture, phases transformation temperatures, 
magnetic and mechanical properties were investigated in 
detail by various characterisation techniques. under the 
employed growth conditions a cellular-dendritic kind of 
solidification morphology of the primary austenite phase was 
obtained.Significant lateral microsegregation of Mn and Ga 
is observed in cellular-dendritic solidification morphology. 
The segregation ratios for each element indicate that Mn has 
positive segregation tendency whereas Ga and Ni have negative 
segregation tendency indicating thereby that Mn is rejected into 
the liquid as the solidification progresses. As a result of lateral 
microsegregation, the martensite transformation temperature 
increases at cell boundaries and the DSC peaks become 
wider after directional solidification. On the whole, partial 
substitution of Mn for Ga in the Mn-rich Ni50Mn25+xGa25-x (2 
£ x ≤ 5) alloy series enhances the martensitic transformation 
temperatures. The magnetic properties such as Curie 
temperature and saturation magnetisation are less sensitive 
to the chemical segregation. The room temperature crystal 
structure changes from austenite to non-modulated martensite 
with increase in Mn concentration of the alloys. In cellular 
solidification morphology, the preferred grain growth direction 
was found to be approximately parallel to the <100> direction 
of the primary austenite phase. In as grown state presence of 
untransformed austenite phase has been noted even in alloys 
with martensite transformation temperature well above the room 
temperature. The volume fraction of untransformed austenite 
phase decreases with increase in the average Mn content in 
cellular-dendritic solidification morphology. The directionally 
solidified Ni50Mn30Ga20 composition rod exhibited maximum 
magnetocrystalline value of 95 kJm-3 and detwinning stresses 
for martensite phase about 5 MPa. Room temperature reversible 
MFIS of 0.2 per cent under external magnetic field of 0.6 T and 
0.05 kN bias load was obtained for the directionally solidified 
Ni50Mn30Ga20 alloy.
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